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The hemagglutinin (HA) protein of influenza B virus contains a single arginine residue at its cleavage site and the HA0
precursor is not cleaved to the HA1 and HA2 subunits by tissue culture cell-associated proteases. To investigate if an HA
protein could be obtained that could be cleaved by an endogenous cellular protease, the cDNA for HA of influenza B/MD/
59 virus was subjected to site-specific mutagenesis. Three HA mutant proteins were constructed, through substitution or
insertion of arginine residues, that have 4, 5, or 6 basic residues at their cleavage sites. Chemical cross-linking studies
indicated that all three HA cleavage site mutants could oligomerize to a trimeric species, like WT HA. The three HA cleavage
site mutant proteins were efficiently transported to the cell surface and bound erythrocytes in hemadsorption assays. The
mutants were cleaved at a low level to HA1 and HA2 by an endogenous host cell protease and cleavage could be increased
somewhat by addition of exogenous trypsin. The fusogenic activities of the HA cleavage site mutants were assessed in
comparison to the WT HA protein by determining their syncytium formation ability and by using an R18 lipid-mixing assay
and a NBD-taurine aqueous-content mixing assay. While the fusion activity of the WT HA protein was dependent on
exogenous trypsin to activate HA, the three HA cleavage site mutant proteins were able to induce fusion in the absence
of trypsin when assayed with the R18 lipid-mixing and NBD-taurine aqueous-content mixing assays, but were unable to
induce syncytium formation in either the presence or absence of exogenous trypsin. Our results suggest that while the
presence of a subtilisin-like protease cleavage sequence at the influenza B virus HA1/HA2 boundary does enable some HA0
molecules to be cleaved intracellularly, it alone is not sufficient for efficient cleavage. q 1997 Academic Press
The acidic environment of the endosome triggers the HA1/INTRODUCTION
HA2 protein to undergo an irreversible conformationalThe influenza virus hemagglutinin (HA) glycoprotein is change which releases the hydrophobic fusion peptide
the major antigenic determinant of the influenza virion and initiates fusion of the viral membrane with the endo-
and has both the receptor-binding and fusion activities. somal membrane (Bullough et al., 1994; Skehel et al.,
Influenza virus HA is synthesized as a precursor, HA0 , 1982; for review see Lamb and Krug, 1996). The pH re-
that must be cleaved to the disulfide-linked subunits HA1 quired for fusion depends on the influenza virus strain
and HA2 to be biologically active (Choppin et al., 1975; and varies between pH 5.0 and 6.0 (Doms et al., 1985;
Klenk et al., 1975; Lazarowitz and Choppin, 1975). The HA1 Skehel et al., 1982; White et al., 1983). As the low-pH
subunit, which is membrane distal, contains the receptor induced conformation of HA1/HA2 is irreversible and the
binding pocket and the majority of the antigenic epitopes, fusion reaction is completed 30 to 90 sec after initiation,
while the HA2 subunit, which contains the hydrophobic N- the target membrane must be present at the time low pH
terminal fusion peptide, is anchored into the lipid bilayer triggers the conformational change (White et al., 1983).
by its C-terminal transmembrane domain (reviewed in Wi- The viral membrane-endosomal membrane fusion event
ley and Skehel, 1987). In the three-dimensional structure releases the viral nucleoprotein complex (vRNP) into the
of the influenza A virus HA trimer at neutral pH, the N- cytoplasm allowing import of the vRNPs into the nucleus
terminus of HA2 is located in an interior position approxi- (Martin and Helenius, 1991a,b; Whittaker et al., 1996).
mately 20 A˚ away from the exterior position of the HA1 C- Human subtypes and most avirulent avian subtypes of
terminus, suggesting that the polypeptide undergoes a influenza A virus contain a single arginine residue at the
conformational change on proteolytic cleavage (Wiley and HA1/HA2 cleavage site, whereas some virulent subtypes
Skehel, 1977, 1987; Wilson et al., 1981). of avian influenza virus (H5 and H7) contain multiple basic
Influenza virions bind at the surface of a cell through residues at the cleavage site, minimally containing the
an interaction of HA with cell-surface expressed sialic sequence R-X-R/K-R (Bosch et al., 1979, 1981; Kawaoka
acid, and the virions are then endocytosed and trans- et al., 1987; Kawaoka and Webster, 1988a,b; Nestorowicz
ported to intracellular endosomes (Matlin et al., 1981). et al., 1987). In tissue culture cells, HA0 molecules con-
taining a single arginine residue at the cleavage site are
activated predominantly by addition of exogenous trypsin1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (847) 491-2467. E-mail: ralamb@nwu.edu. or a trypsin-like enzyme (Kido et al., 1992; Klenk et al.,
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1975; Lazarowitz and Choppin, 1975; Lazarowitz et al., pH required for syncytium formation was determined to
be pH 5.4 and hemadsorption was found to be affected1973a,b; Tashiro et al., 1987). In contrast, those HA mole-
cules containing the cleavage site sequence R-X-R/K-R by the presence of sialic acid moieties on the HA poly-
peptide. As the influenza B virus HA protein contains onlyare cleaved intracellularly by furin or another subtilisin-
like protease resident in the trans-Golgi network (Bosch a single arginine at the HA1 C-terminal cleavage site, the
requirements for intracellular cleavage were addressedet al., 1979, 1981; Steiner et al., 1992; Stieneke-Grober et
al., 1992; Vey et al., 1992; Walker et al., 1992, 1994; for by making multiple mutations that either substitute or
insert basic residues into the HA1 C-terminal cleavagereview see Klenk and Garten, 1994). However, the pres-
ence of the cleavage site sequence R-X-R/K-R does not site. The transport properties, cleavage efficiency, and
functional activities of the HA cleavage site mutant pro-guarantee intracellular cleavage of HA, as addition of
bulky carbohydrate chains to the HA1 subunit can prevent teins were compared with the WT HA protein. Our results
indicate that, while the presence of multibasic residuescleavage by masking the cleavage site by steric hinder-
ance (Deshpande et al., 1987; Kawaoka et al., 1984; Ka- at the cleavage site enables a small fraction of HA0 mole-
cules to be cleaved by endogenous cellular proteases,waoka and Webster, 1989; Ohuchi et al., 1991; Walker
and Kawaoka, 1993; Webster et al., 1986). Although patho- the consensus sequence for cleavage by a subtilisin-like
protease alone is not sufficient for efficient cleavage.genicity and virulence of influenza virus are not deter-
mined by a single viral protein, many studies have indi-
cated that the susceptibility of the HA0 polypeptide to MATERIALS AND METHODS
proteolytic cleavage in different host cells is a prerequi-
Cells and virusessite to pathogenicity (Bosch et al., 1979; Rott et al., 1977;
Webster et al., 1986). Direct evidence that infectivity and CV-1 cells were maintained and infected as described
virulence can be correlated to the cleavability of HA0 has previously (Lamb and Choppin, 1976; Lamb et al., 1978).
been provided for the influenza A virus avian H5 subtype Influenza B/MD/59 virus was grown in 10-day old em-
by using reverse genetic approaches (Horimoto and Ka- bryonated chicken eggs and allantoic fluid harvested at
waoka, 1994). 72 hr postinfection (p.i.) (Lamb and Choppin, 1976; Lamb
Early experiments designed to understand the struc- et al., 1978). HeLa-T4 cells were propagated in DMEM
tural and sequence requirements for intracellular cleav- supplemented with 10% FCS. The recombinant vaccinia
age by an endogenous cellular protease either focused virus (vTF7.3) expressing the T7 RNA polymerase protein
on the C-terminal cleavage site of HA1 (avian influenza was obtained from Dr. Bernard Moss (National Institutes
A virus H5 and H7 subtypes) using site-directed muta- of Health, Bethesda, MD) and was propagated in CV-1
genesis approaches or selection of influenza A virus mu- cells (Mackett et al., 1985).
tants that could replicate in the absence of trypsin in
tissue culture. Insertion or substitution of amino acids Site-specific mutagenesis and construction of SV40-
into the existing multibasic cleavage site confirmed the HA recombinant viruses for the expression
importance of the R-X-R/K-R sequence in the cleavage of WT HA and HA mutant proteins
event (Kawaoka and Webster, 1988a; Khatchikian et al.,
1989; Li et al., 1990; Morsy et al., 1994; Orlich et al., 1994; The influenza B/MD/59 virus HA cDNA (pT3MDHAX)
was a generous gift of Drs. Wendy Barclay and PeterVey et al., 1992; Walker et al., 1994). For human strains,
conversion of a monobasic cleavage site to a multibasic Palese (Mt. Sinai Medical Center, New York, NY; Barclay
and Palese, 1995). Plasmid pT3MdHAX was digestedcleavage site that is cleaved by an endogenous cellular
protease has been reported for the A/Aichi/2/68 (H3) and with EcoRI and HindIII to subclone the MdHAX cDNA
into the pGem3 vector (Promega Corporation, Madison,A/Port Chalmers/1/73 (H3) HA proteins (Gething et al.,
1988; Kawaoka, 1991; Ohuchi et al., 1991). The proximity WI) such that HA mRNA sense transcripts would be syn-
thesized under the control of the bacteriophage T7 pro-of a carbohydrate moiety to the cleavage site has been
shown to affect the efficiency of intracellular cleavage of moter (pGem3-MDHAX). Site-specific mutagenesis of the
HA cDNA contained in pGem3-MDHAX plasmid was per-an altered A/Port Chalmers/1/73 (H3) HA, but has no
affect on the efficiency of intracellular cleavage of an formed by the unique site elimination (U.S.E) method
(Deng and Nickoloff, 1992) following the U.S.E. protocolaltered human A/Aichi/2/68 (H3) HA protein (Kawaoka,
1991; Ohuchi et al., 1991). provided by Pharmacia (Pharmacia Biotech Inc., Piscata-
way, NJ). Oligonucleotides used in mutagenesis wereIt has been suggested that there is a close evolution-
ary relationship between the influenza B virus and influ- obtained from the Northwestern University Biotechnology
Facility (DNA synthesizer Model 380B, Applied Biosys-enza A virus HA proteins because of their significant
degree of amino acid sequence relatedness (Krystal et tems, Inc., Foster City, CA). All mutant cDNAs were se-
quenced by the dideoxynucleotide chain-terminatingal., 1982, 1983). However, there are few reports describ-
ing properties of the influenza B virus HA protein. Here method (Sanger et al., 1977).
The WT HA and HA cleavage site mutant cDNAs werewe report on structural and functional properties of the
human influenza B/MD/59 virus HA protein. The optimal subcloned into the pSV123 vector for the generation of
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recombinant SV40-HA virus stocks. The pSV123 vector is beled with [35S]ProMix (100 mCi/ml) for 10 min in DME
cys0/met0. The chase period was initiated by replace-a derivative of the pSV73 HaeII dl2330 vector (Lamb and
Lai, 1982) and contains ClaI sites at the junctions of SV40 ment of the radiolabel with chase medium for the indi-
cated time. WT HA and HA mutant proteins were immu-sequences and plasmid sequences. The HA cDNAs were
under the control of the SV40 late region promoter, splic- noprecipitated with a rabbit polyclonal antisera to deter-
gent disrupted, egg-grown influenza B/MD/59 virus.ing, and polyadenylation sites. The pSV123-MDHAX plas-
mid cDNAs were purified by CsCl density gradient centrif-
Endoglycosidase treatmentugation, digested with ClaI to remove plasmid DNA se-
quences and ligated at low concentrations to permit
Vac-T7/HA expressing CV-1 cell lysates were immuno-
circularization of the SV40-HA sequences. The HA expres-
precipitated as described above. Endo-B-N-acetylgluco-
sion vector DNA and the DNA of an SV40 early region
saminidase (endoH) (Boehringer-Mannheim Biochemi-
deletion mutant (SV40 dl1055) were transfected into CV-1
cals, Indianapolis, IN) digestion was performed as de-
cells. SV40-HA recombinant virus stocks were generated
scribed previously (Paterson and Lamb, 1993).
and used to infect CV-1 cells as previously described
(Naim and Roth, 1993). Polyacrylamide gel electrophoresis and analysis of
radioactivity
Metabolic labeling of virus-infected cells and
Polypeptides were analyzed by SDS–PAGE on 10%immunoprecipitation
polyacrylamide gels and processed for autoradiography
as described previously (Lamb and Choppin, 1976). Ra-Influenza B/MD/59 virus-infected cells were labeled
dioactivity was quantified on a Fuji 1000 BioImage Ana-with [35S]ProMix (100 –200 mCi/ml) (Amersham Life Sci-
lyzer with MacBAS software (Fuji Medical Systems,ence, Arlington Heights, IL) in DMEM deficient in cys-
Stamford, CT).teine and methionine (DME cys0/met0) for the indicated
times. The chase period was initiated by replacement of
Chemical cross-linkingthe radiolabel with DME supplemented with 2 mM cys-
teine and 2 mM methionine (chase medium) for the times
The WT HA and HA mutant cDNAs were expressed in
indicated. Cells were solubilized in RIPA buffer, centri-
HeLa-T4 cells using the vac-T7 system as described
fuged for 10 min at 100,000 g in a TLA-100.2 rotor (Beck-
above. At 5 hr p.t. the cells were starved for 30 min in
man Instruments, Palo Alto, CA), and polypeptides were
DME cys0/met0, labeled for 30 min with [35S]ProMix (100
immunoprecipitated with a rabbit polyclonal antisera to
mCi/ml) in DME cys0/met0, and incubated for 2 hr at 377
detergent disrupted, egg-grown influenza B virus as de-
in chase medium. Chemical cross-linking was performed
scribed previously (Lamb et al., 1978).
as described previously (Russell et al., 1994), using the
The WT HA and HA mutant cDNAs were expressed
cross-linking reagent dithiobis(succinimidyl-propionate)
using the recombinant vaccinia virus-bacteriophage T7 (DSP; Pierce Chemical Co., Rockford, IL). Briefly, after the
RNA polymerase transient expression system (vac-T7)
chase period the cells were removed from the plate with
(Fuerst et al., 1986). Subconfluent monolayers (approxi-
PBS deficient in calcium and magnesium (PBS0) and 50
mately 50 to 60% confluent) of either HeLa-T4 or CV-1
mM EDTA, pelleted gently by low speed centrifugation,
cells were infected with vac-T7 at a multiplicity of infec-
and resuspended in 250 ml PBS0. Two separate 100-ml
tion of 10 PFU/cell and incubated for 30–45 min at 377.
aliquots were placed at 47 and incubated for 40 min in
The virus inoculum was removed and the cells were
the presence of 1% NP-40, with or without DSP (1 ml of 1
transfected with HA cDNA plasmid and cationic lipo-
mg/ml DSP dissolved in DMSO). To quench the cross-
somes made in the laboratory as described (Rose et al.,
linking reagent, 50 mM glycine was added for 5 min at
1991). Typically, 2.5 mg of plasmid DNA was used for a
47. To prepare the sample for immunoprecipitation, 900 ml
3.5-cm tissue culture dish and the volume was adjusted
of RIPA buffer containing 50 mM iodoacetamide was
to 1 ml with OPTI-MEM (GIBCO BRL, Gaithersburg, MD).
added and the samples were centrifuged for 10 min at
For biochemical analysis, the cultures were incubated at
100,000g in a Beckman TLA-100.2 rotor. The supernatant
5 hr posttransfection (p.t.) for 30 min with DME cys0/
was immunoprecipitated with a rabbit polyclonal antisera
met0, then labeled with [35S]ProMix (100–200 mCi/ml)
to detergent disrupted, egg-grown influenza B/MD/59 puri-
for 10 min in DME cys0/met0. The chase period was
fied virus, and polypeptides were analyzed by SDS–PAGE
initiated by replacement of the radiolabel with chase me-
on 3.5% gels under nonreducing conditions (Gething et
dium for the times indicated. Cells were solubilized in
al., 1989; Russell et al., 1994).
RIPA buffer (Lamb et al., 1978) and the polypeptides im-
munoprecipitated with a rabbit polyclonal antisera to de- Cell surface trypsin digestions
tergent disrupted, egg-grown influenza B/MD/59 virus.
For expression of HA using recombinant SV40-HA vi- The WT HA and HA mutant cDNAs were expressed in
CV-1 cells using the vac-T7 system as described above.ruses, CV-1 cells were infected and at 42 hr p.i. the cells
were starved for 30 min with DME cys0/met0 and la- At 5 hr p.t. the cultures were starved for 30 min in DME
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cys0/met0, labeled for 30 min with [35S]ProMix (200 mCi/ system as described above. At 5 hr p.t., the cells were
chilled on ice and treated for flow cytometry as describedml) in DME cys0/met0, and incubated for 6 hr at 377 in
chase medium. TPCK-treated trypsin (5 mg/ml) (Sigma previously (Horvath and Lamb, 1992) using a rabbit poly-
clonal antisera to detergent-disrupted, egg-grown influ-Chemical Co., St. Louis, MO), with or without bacterial
neuraminidase (bNA) (Clostridium perfringens; Sigma), enza B/MD/59 virus as the primary antibody (dilution
1:300) and a FITC-conjugated goat anti-rabbit IgG as thewas added to the cell monolayer for 30 min at 377. Soy-
bean trypsin inhibitor (STI) (5 mg/ml) (Sigma) was added secondary antibody (dilution 1:700). Fluorescence inten-
sity of 10,000 cells was measured by a FAC-SCAN flowto the liquid overlay and incubated for an additional 10
min at 47. The cells were lysed in RIPA containing 100 cytometer (Becton–Dickinson, Mountain View, CA).
mg/ml of STI, centrifuged for 10 min at 100,000g in a
R18 lipid-mixing fusion assayBeckman TLA-100.2 rotor, and polypeptides were immu-
noprecipitated and analyzed by SDS–PAGE under reduc-
Fresh human red blood cells (RBCs) were labeled with
ing conditions on 10% polyacrylamide gels.
the lipid probe octadecyl rhodamine B (R18) as described
previously (Bagai and Lamb, 1995). The HA cDNAs or theSyncytium formation
SV5 HN protein cDNA (pGEM3SV5 HN; Bagai and Lamb,
CV-1 cells at 50–70% confluency were inoculated with 1995) were expressed using the vac-T7 system in CV-1
either egg-grown influenza B/MD/59 virus or SV40-HA cells grown on coverslips as described above. At 5 hr p.t.
virus for 1 hr at 377 and the medium was replaced with the cells were washed twice with DME and incubated
DMEM supplemented with 2.5% FCS. For influenza virus- overnight at 337 in DME containing 10% FCS. The cells
infected cells, the procedure was performed at 5 hr p.i., were then treated for 1 hr at 377 with DME containing
and for SV40-HA virus-infected cells, the procedure was bNA (50 mU/ml) with or without TPCK-treated trypsin (5
performed at 36– 42 hr p.i. With both virus infections, mg/ml). The cells were washed twice with PBS, 0.5 ml of
the cells were treated for 45–60 min at 377 with DME a 0.1% hematocrit of R18-labeled RBCs was added, and
containing bNA (50 mU/ml) and treated simultaneously the cultures were incubated for 30–60 min at 47. To re-
with or without TPCK-treated trypsin (5 mg/ml). The cul- move the unbound RBCs, the coverslips were washed
tures were washed and incubated for 20 min at 377 with eight times with cold PBS. To initiate fusion, the coverslips
DME containing 2.5% fetal calf serum (FCS). To initiate were incubated for 2 min at RT with either PBS at pH 7.5
fusion, fusion medium (PBS/10 mM HEPES/10 mM MES) or fusion medium at pH 5.0. The coverslips were trans-
at the appropriate pH was added to the cells for 2 min ferred for 15 min to 377 and placed on ice until they could
at RT and then replaced with DME containing 2.5% FCS. be inverted onto a microscope slide. Probe dye transfer
Syncytium formation, for influenza virus-infected cells, was visualized with a ‘‘Texas red’’ filter set on a Zeiss LSM
was observed 4 hr after low pH treatment, and for SV40- 410 confocal microscope (Carl Zeiss Corp. Thornwood,
HA virus-infected cells, 12 to 16 hr after pH treatment. A NY), and images were recorded digitally.
Nikon Diaphot (Nikon Corporation, Tokyo, Japan) inverted
microscope with phase contrast optics and a digital cam- NBD-taurine aqueous-content mixing fusion assay
era (DCS 420; Eastman Kodak Co., Rochester, NY) were
Fresh human red blood cells (RBCs) were labeled withused for imaging.
the aqueous dye NBD-taurine and prepared as described
previously (Bagai and Lamb, 1995; Sarkar et al., 1989).Hemadsorption
CV-1 cells were grown on coverslips and WT HA and HA
CV-1 cells at a 50% confluency were infected with mutant cDNAs expressed using the vac-T7 system as
SV40-HA virus for 1 hr at 377. At 48 hr p.i. the cells were described above. At 5 hr p.t. the cells were washed twice
treated for 1 hr at 377 with DME with or without bNA (50 with DME and incubated overnight at 337 in DME con-
mU/ml). The cells were washed and incubated for 30 min taining 10% FCS. The cells were then treated for 1 hr at
at 47 with PBS containing 0.5% chicken RBC solution. 377 with DME containing bNA (50 mU/ml) with or without
After 8–10 washes with PBS, bound RBCs were visual- TPCK-treated trypsin (5 mg/ml). The cells were washed
ized with a phase contrast microscope and images re- twice with cold PBS and 0.5 ml of a 0.1% hematocrit of
corded digitally. For quantification, the CV-1 cells and NBD-taurine-labeled RBCs was added to the cells and
erythrocytes were lysed in distilled water, the lysate was the cultures incubated for 30–60 min at 47. To remove
centrifuged to remove cell debris, and the released he- the unbound RBCs, the coverslips were washed eight
moglobin was measured by absorbance at 540 nm as times with cold PBS. To initiate fusion, the coverslips
described (Ohuchi et al., 1995). were incubated for 2 min at RT with either PBS at pH 7.5
or fusion medium at pH 5.0. The coverslips were then
Surface fluorescence analysis
placed for 5 min at 377 and placed on ice until they could
be transferred to a microscope slide. Probe dye transferCV-1 cells were grown to 50% confluency on 6-cm
tissue culture dishes and the WT HA and HA cleavage was visualized with a ‘‘fluorescein’’ filter set and photo-
graphed with a Nikon Microphot FXA microscope systemsite mutant cDNAs were expressed using the vac-T7
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enza B virus-infected cells treated similarly (data not
shown). The optimal pH required for influenza B virus
HA-induced fusion was determined. Syncytium forma-
tion was observed with trypsin-treated SV40-HA virus-
infected CV-1 cells at pH 5.4 and pH values below 5.4
(pH 5.2 to 4.8) while no syncytia was observed at pH
values of 5.5 or higher (Fig. 1B). The same pH optimum
of fusion was obtained (pH 5.4) for influenza B/MD/59
virus-infected cells (data not shown).
It has been found that when influenza A virus HA (A/
FPV/Rostock/34 (H7N1)) is expressed from a cDNA the
sialic acid modification of oligosaccharides proximal to
the receptor binding site interfere negatively with hem-
adsorption activity (Ohuchi et al., 1995). This suggests
that in influenza virus-infected cells NA activity is re-
quired to remove sialic acid from HA carbohydrate chains
for the functional activity of HA. To determine if NA activ-
FIG. 1. Low pH-induced syncytium formation by CV-1 cells express-
ity is required for the receptor binding activity of theing the HA of influenza B virus. (A) CV-1 cells were infected with SV40-
influenza B virus HA protein, SV40-HA virus-infected cellsHA recombinant virus and at 48 hr p.i. were washed twice with serum-
free DME and then incubated for 45 min at 377 in DME (0T) or in DME were treated with bacterial NA (bNA) (50 mU/ml) prior to
supplemented with trypsin (5 mg/ml) and bNA (50 mU/ml; Clostridium hemadsorption of chicken red blood cells (RBCs). As
perfringens) (/T). The cells were washed with DME containing 2.5%
serum and treated for 2 min at RT with fusion medium (FM) adjusted
to pH 5.0. The medium was replaced with DME containing 2.5% serum
and the cells were incubated for 16 hr at 337 before examination by
phase contrast microscopy. (B) Determination of the pH optimum re-
quired for the induction of syncytia formation by influenza B virus HA.
SV40-HA recombinant virus-infected CV-1 cells were treated as above
using FM of the pH values indicated. Syncytia was photographed 16
hr after low pH treatment.
(Nikon Corp., Tokyo, Japan) and Kodak Ektachrome 160T
color slide film.
RESULTS
Biological activity of the influenza B virus HA protein
expressed from cDNA
To examine properties of the influenza B virus HA
protein in the absence of other influenza virus-specific
proteins, especially the neuraminidase protein (NA), the
HA protein was expressed from a cDNA using an SV40
vector. Protein expression of HA0 was confirmed by
SDS – PAGE (data not shown; see below). To determine
if the cDNA encoded a biologically active HA molecule,
the ability of HA to induce syncytium formation was
FIG. 2. Hemadsorption of CV-1 cells expressing the HA of influenzaexamined. HA0 expressed at the cell surface was
B virus is increased by NA treatment of cells. (A) SV40-HA virus-infectedcleaved to HA1/HA2 by the addition of exogenous trypsin
CV-1 cells at 48 hr p.i. and mock-infected cells were treated with (/)and treated briefly with fusion medium (pH 5.0) to induce
or without (0) bNA (50 mU/ml; Clostridium perfringens) and overlaid
fusion. SV40-HA recombinant virus-infected cells that with a 0.5% solution of chicken RBCs for 30 min at 47. Cultures were
had been treated with TPCK-trypsin (5 mg/ml) and ex- washed with PBS and examined by phase contrast microscopy. (B)
Quantification of the hemadsorption of SV40-HA virus-infected cells (48posed to fusion medium formed syncytia, whereas syn-
hr p.i.) and influenza B virus-infected CV-1 cells (6 hr p.i.). Culturescytia were not observed in HA-expressing cells exposed
were treated with (0) or without (/) bNA and overlaid with a 0.5% RBCto low pH but without trypsin treatment, or mock-in-
solution as described above. The CV-1 cells and erythrocytes were
fected cells treated with fusion medium (pH 5.0) and lysed in distilled water, the cell debris centrifuged, and released hemo-
trypsin (Fig. 1A). This low pH-dependent, trypsin-depen- globin was measured by absorbance at 540 nm as described (Ohuchi
et al., 1995).dent syncytia formation parallels that observed in influ-
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FIG. 3. Schematic diagram of influenza B virus HA and HA cleavage site mutant proteins. The relative locations of the HA1 and HA2 subunits,
the cleavage site, the fusion peptide, and the transmembrane (TM) domains are shown. The residues changed in the cleavage site mutants are
indicated (underlined) for mutants RKRR and KRRKRR. Mutant INS4R contains an insertion of four arginine residues at the cleavage site.
shown in Fig. 2, bNA treatment of SV40-HA-expressing To examine the expression pattern of WT HA and the
three HA cleavage site mutant proteins the vac-T7 ex-cells caused a 19-fold increase in hemadsorption; bNA
treatment of influenza B virus-infected cells caused a pression system was used. Cell cultures were metaboli-
cally labeled for 30 min followed by chase periods of 0–1.6-fold increase in hemadsorption possibly because the
influenza B virus NA activity did not completely remove 3 hr. When the vac-T7 expression system was used, WT
HA and HA mutant cDNAs yielded expression of HA0the sialic acid from HA. No hemadsorption was observed
in mock-infected CV-1 cells regardless of NA treatment. It (66 kDa) but no species corresponding to HA1 or HA2
were detected at the 0 hr time point (Fig. 4A). After ashould be noted that the level of hemadsorption between
SV40-HA-expressing cells and influenza B virus-infected 1.5 hr chase period, a heterogeneously migrating HA1
species and an HA2 band of more discrete electropho-cells cannot be compared directly because in an SV40-
HA virus infection only 40% of the cells were infected. retic mobility were observed on expression of the HA
mutant proteins. These species were not observed with
WT HA or with the HA mutant proteins at the 0 hr timeExpression of influenza B virus HA cleavage site
point. The amount of mutant HA1/HA2 species detectedmutant proteins
increased after 3 hr. An HA0 species (Fig. 4A, asterisk)
Based on an amino acid sequence comparison of the of slower mobility was also observed with expression of
influenza A/PR8/34 virus HA and influenza B/MD/59 virus the HA mutant proteins after the 1.5- and 3-hr chase
HA proteins it was predicted that proteolytic cleavage of periods. This slow mobility species of HA0 is thought to
the influenza B/MD/59 virus HA0 precursor would occur be due to aberrant glycosylation of HA0 . When longer
C-terminal to arginine 346 in the sequence K-L-L-K-E-R, pulse and chase periods were used (4-hr pulse, 14-hr
immediately N-terminal to the fusion peptide (B/MD/59 chase) with vac-T7 expression of the WT HA, small
numbering; Krystal et al., 1983). It is known that the influ- amounts of HA1 and HA2 were detected (Fig. 4B). Under
enza B virus HA0 protein is not cleaved in influenza B these conditions, expression of the HA mutant proteins
virus-infected tissue culture cells but can be cleaved by showed an increased accumulation of HA1/HA2 species
the addition of exogenous trypsin (Choppin et al., 1975). with very little HA0 observed. We consistently observed
In an attempt to construct an influenza B virus HA poly- a doublet HA2 species with the three HA cleavage site
peptide that would be cleaved by intracellular proteases, mutants. For RKRR and KRRKRR the slower mobility band
three HA mutants were constructed that contained either represents altered glycosylation as on treatment with
the substitution or insertion of basic amino acids at the peptide N-glycanase (PNG) the species collapsed down
HA1 C-terminal cleavage site (Fig. 3). HA mutant RKRR to a single band. However, for mutant INS4R two bands
is a substitution of both leucine343 and glutamic acid345 were observed on PNG treatment and these species may
with arginine residues, generating a tetrabasic cleavage represent alternative proteolytic cleavage events.
site. The HA mutant, KRRKRR, has a hexabasic cleavage
site with the substitution of leucine342 , leucine343 , and Oligomerization of influenza B virus HA cleavage site
glutamic acid345 with arginine residues. Last, the HA mu- mutant proteins
tant, INS4R, contains four arginine residues inserted be-
tween arginine346 and glycine347 to generate a pentabasic To determine if the three HA cleavage site mutant
proteins oligomerized to trimers, chemical cross-linkingcleavage site.
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FIG. 4. Expression of WT HA and HA cleavage site mutants by using the recombinant vaccinia-T7 (vac-T7) expression system. (A) Time course
of intracellular cleavage. CV-1 cells were infected with recombinant vaccinia virus expressing bacteriophage T7 polymerase (vTF7.3) at 10 PFU/cell.
At 45 min p.i. cultures were transfected with pGem3 plasmids containing HA or mutant HA cDNAs under the control of the T7 promoter. At 5 hr p.t.
cultures were metabolically labeled with [35S]ProMix (100 mCi/ml) in DME deficient for cysteine and methionine (DME cys0/met0) for 30 min at
377. Cultures were then incubated in DME supplemented with 2 mM cysteine and 2 mM methionine (chase medium) for 0 to 3 hr. Cells were lysed
in RIPA buffer and HA immunoprecipitated using a rabbit polyclonal antisera to detergent disrupted egg-grown influenza B/MD/59 virus; polypeptides
were analyzed by SDS – PAGE on a 10% gel under reducing conditions. For a positive control, influenza B/MD/59 virus-infected CV-1 cells labeled
5 hr p.i. with [35S]ProMix (100 mCi/ml) in DME cys0/met0 for 30 min at 377 and then incubated in chase medium for 3 hr. Trypsin (5 mg/ml) was
added for 30 min and the incubation continued at 377. Soybean trypsin inhibitor (5 mg/ml) in DME containing 10% FCS was added and the cultures
were incubated for an additional 10 min. The cells were lysed in RIPA buffer and HA species immunoprecipitated. The HA polypeptides were
analyzed by SDS–PAGE under reducing conditions on a 10% gel. The asterisk indicates the abberantly glycosylated forms of HA0 . (B) At 5 hr p.t.
cultures were metabolically labeled with [35S]ProMix (200 mCi/ml) in DME cys0/met0 for 4 hr at 377. Cultures were then incubated in chase medium
for 14 hr. Cells were lysed in RIPA buffer, HA immunoprecipitated, and HA polypeptides were analyzed by SDS–PAGE on a 10% gel under reducing
conditions as described above. Marker, influenza B/MD/59 virus-infected cell lysate; M, Mock-infected cells; W, WT HA; R, RKRR mutant HA; K,
KRRKRR mutant HA; I, INS4R mutant HA; and F, influenza B/MD/59 virus-infected cells treated with trypsin and immunoprecipitated with a rabbit
polyclonal antisera to detergent disrupted egg-grown influenza B/MD/59 virus.
was performed. As shown in Fig. 5, even in the absence HA mutant trimer. We do not believe the reduced amount
of radioactivity detected in the samples treated withof cross-linking reagent WT HA migrates on gels as mo-
nomeric HA as well as SDS-resistant HA dimer and trimer cross-linker represents inherent instability in the HA spe-
cies as radioactivity was not lost after a 3-hr chase periodspecies (66, 120, and 180 kDa, respectively); analogous
observations have been made for the influenza A virus (cf. Figs. 4, 6, and 7).
HA (Garten et al., 1992; Gething et al., 1986; Wilson et
al., 1981). After treatment with dithiobis(succinimidyl) pro- Kinetics of intracellular transport of influenza B virus
pionate (DSP) the major HA species observed was the HA cleavage site mutant proteins180 kDa trimeric species. Examination of the three HA
cleavage site mutant proteins (Fig. 5) indicates that each To determine the rate of intracellular transport of the
three HA cleavage site mutants to the medial-Golgi appa-HA cleavage site mutant forms SDS-resistant dimer and
trimer structures in the absence of cross-linker, sug- ratus, the rate of acquisition of HA carbohydrate chains
resistant to endo H digestion was determined. Vac-T7-gesting that there is not a major change in the ability of
the HA mutants to form trimers due to the introduction infected cells expressing the HA proteins were metaboli-
cally labeled for 10 min with [35S]ProMix followed byof mutations in the cleavage site. After addition of cross-
linking reagent, the major species observed with the chase periods of 0, 30, 60, 90, and 120 min (Figs. 6A–
6D). As shown in Fig. 6E, quantification of the apparentthree HA cleavage site mutants was the 180 kDa tri-
meric species (Fig. 5). Less cross-linked trimer species t1/2 of transport of the HA cleavage site mutants indicated
that the kinetics of transport for the HA mutants KRRKRRwere observed with the three HA cleavage mutants, par-
ticularly the mutant INS4R, compared with WT HA. We and INS4R are somewhat delayed compared with the
WT HA and RKRR HA proteins (KRRKRR, t1/2  23 min;do not know if this problem is of a technical nature due
to aggregation of cross-linked trimers, or if it represents INS4R, t1/2  36 min; RKRR and WT HA, t1/2  20 min),
but by 120 min 83% of the WT HA protein, 84% of thea subtle difference in the molecular architecture of the
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amount of HA0 cleavage. As shown in Fig. 7, trypsin
treatment somewhat increased the amount of HA1 and
HA2 observed for the HA cleavage site mutant proteins
and increased greatly for WT HA (WT  52%; RKRR 
25%; KRRKRR  10%; and INS4R  14% cleavage after
a 30-min metabolic pulse-label and 3-hr chase period to
allow for intracellular transport). These data suggest that
the low level of trypsin cleavage is due to an inherant
property of the structure of the HA mutant proteins. As
was observed in Fig. 4, trypsin digestion of the INS4R
mutant generated a doublet HA2 species.
In our experiments, bNA treatment had no effect on
the efficiency of trypsin cleavage of WT HA0 or cleavage
of the three HA cleavage mutants (Fig. 7). Previously it
had been suggested from infectivity data obtained with
a temperature-sensitive influenza B virus that lacks NA
activity at the nonpermissive temperature (37.57; B/Kana-
FIG. 5. Oligomeric form of WT HA and HA mutant proteins analyzed
gawa/73) that sialic acid removal was essential for cleav-by chemical cross-linking. HA and mutant HA proteins were expressed
age activation of HA0 (Shibata et al., 1993). However,in HeLa-T4 cells using the vac-T7 system. At 5 hr p.t. cultures were
labeled with [35S]ProMix (100 mCi/ml) in DME cys0/met0 for 30 min given the increased hemadsorption activity measured
at 377 and then incubated in chase medium for 2 hr at 377. Chemical after bNA treatment of HA expressing cells (Fig. 2) it
cross-linking was performed on a cell suspension in the absence (0) seems possible that increased infectivity on bNA treat-
or presence (/) of 0.5% NP-40 using the chemical cross-linking reagent
ment is due to the removal of a carbohydrate moiety thatDithiobis(succinimidyl propionate) (DSP) as described previously (Rus-
interfered with viral adsorption.sell et al., 1994). HA species were immunoprecipitated and analyzed
on a 3.5% gel under nonreducing conditions (Gething et al., 1989; Rus-
sell et al., 1994). The three predominant polypeptide species are indi-
Analysis of the fusion activity of the HA cleavage sitecated by arrows.
mutant proteins
The ability of the three HA cleavage site mutants to
induce syncytium formation was tested with SV40-HA
RKRR mutant HA protein, and 79% of both HA KRRKRR virus-infected cells. We have found previously that SV40
and INS4R HA mutant proteins were resistant to endo vectors are better for studying syncytium formation due
H digestion, indicative of transport to the medial-Golgi to the relative lack of discernable cytopathic effect before
apparatus. Thus, alterations at the cleavage site of the 72 hr p.i. Although the HA proteins were expressed at
influenza B virus HA protein did not significantly affect the cell surface, the three HA cleavage site mutants were
the intracellular transport kinetics of the mutant proteins unable to induce syncytium formation even on addition
in comparison to WT HA. of exogenous trypsin (data not shown). Our inability to
observe a level of syncytium formation distinguishableCell surface expression and cleavage by exogenous
over background suggested that if the HA mutants cantrypsin of the HA cleavage site mutant proteins
induce fusion, then either the syncytium formation assay
is not sensitive enough or it requires an optimal level ofThe three HA cleavage site mutant proteins were ex-
pressed using the vac-T7 system and cell surface ex- HA protein expression at the cell surface to be effective.
Alternatively, the HA mutants may be unable to inducepression was quantified by flow cytometry. Cells were
stained with a rabbit antisera specific for influenza B/ complete membrane fusion and possibly only able to
induce hemifusion.MD/59 virus. All three HA cleavage site mutant proteins
were expressed at the surface of transfected cells at To measure further a possible fusogenic activity of the
three HA cleavage site mutant proteins, two fluorescentlevels comparable to the WT HA (RKRR, KRRKRR, and
INS4R had levels 88, 74, and 74% compared to WT, re- dye-transfer fusion assays were used to observe individ-
ual cell-to-cell fusion events. The R18 lipid-mixing assayspectively) (Table 1). These data correlate with the maxi-
mal values of endo H resistance obtained (Fig. 6) and measures the mixing of outer-leaflet membrane lipids
occurring after the fusion of an R18 lipid-loaded humansuggest, but do not prove, that virtually all of the HA
molecules that were transported to the medial-Golgi ap- RBC and an HA-expressing cell. WT HA and HA mutant
proteins were expressed in CV-1 cells using the vac-T7paratus were transported to the cell surface.
As the amount of intracellular cleavage was found to expression system. Cells were treated with bNA, either
in the absence or presence of trypsin, and overlaid withbe low for the HA cleavage site mutant proteins, cell
surfaces were treated with exogenous trypsin to investi- human R18-loaded RBCs. To initiate fusion, cells were
treated with fusion medium (pH 5.0) for 2 min at RT beforegate if surface trypsin treatment resulted in an increased
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FIG. 6. Kinetics of intracellular transport of the WT HA and HA cleavage site mutant proteins to the medial-Golgi apparatus. CV-1 cells transiently
expressing the HA proteins using the vac-T7 system, were labeled with [35S]ProMix (200 mCi/ml) at 5 hr p.t. for 10 min at 377 in DME cys0/met0,
and incubated in chase medium at 377 for the times indicated. The cells were lysed in RIPA buffer, the HA polypeptides immunoprecipitated,
incubated with (/) or without (0) endo H (Paterson and Lamb, 1993), and polypeptides analyzed on a 10% SDS–PAGE under nonreducing conditions.
(A) WT HA; (B) RKRR HA; (C) KRRKRR HA; (D) INS4R HA. HAR0 , Endo H-resistant form of HA; HAS0 , Endo H-sensitive form of HA. (E) Quantification
by phosphoimager analysis of data shown in A–D.
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site mutant proteins showed a very similar number of
cells participating in dye transfer (data not shown). No
dye transfer was observed after treatment with buffer at
pH 7.5, indicating that the fusion observed was solely due
to the pH-dependent activity of the HA protein expressed
(data not shown).
As the R18 lipid-mixing assay measures only outer-
leaflet mixing hemifusion, appropriate pore formation
cannot be distinguished. Since no syncytium formation
was observed, it was considered possible that the HA
mutant proteins were only able to induce hemifusion and
unable to induce complete fusion. Therefore, a second
assay was used to determine if all three HA mutants
could induce the mixing of aqueous contents between a
donor RBC and a recipient HA-expressing cell. In thisFIG. 7. Exogenous trypsin cleavage of WT HA0 and HA0 cleavage
site mutant proteins. WT HA and HA mutant proteins were expressed assay CV-1 cells expressing the WT HA and HA mutant
in CV-1 cells using the vac-T7 expression system. At 5 hr p.i. cultures proteins were treated with bNA, either in the absence
were labeled with [35S]ProMix (200 mCi/ml) for 30 min at 377 in DME or presence of trypsin, and overlaid with human RBCs
cys0/met0 and then incubated in chase medium for 3 hr at 377. Trypsin
containing the soluble dye NBD-taurine. Treatment with(5 mg/ml) was added (with or without 50 mU/ml of bNA) for 30 min and
low pH buffer (pH 5.0) was used to initiate fusion, whilethe incubation continued at 377. Soybean trypsin inhibitor (5 mg/ml) in
DME containing 10% FCS was added and the cultures incubated for a neutral pH buffer (pH 7.5) was used as a control. NBD-
an additional 10 min. The cells were lysed in RIPA buffer and the HA taurine fluorescence and aqueous-dye transfer was ob-
species immunoprecipitated. The HA polypeptides were analyzed by served under a fluorescence photomicroscope 5 min
SDS– PAGE under reducing conditions on a 10% gel. The HA0 , HA1 , after low pH incubation (Fig. 8B).and HA2 species are indicated. U, Mock-infected cells; W, WT HA; R,
As observed with the R18 assay, no hemadsorption orRKRR mutant HA; K, KRRKRR mutant HA; and I, INS4R mutant HA.
aqueous-content mixing activity was observed in vac-
T7-infected cells that were mock transfected (no DNA),
treated with trypsin, and exposed to low pH (data not
returning the cells to neutral pH. R18 fluorescence was shown). The WT HA protein was found to induce aque-
observed 15 min after low pH treatment by using a confo- ous-content mixing that was trypsin-dependent and low
cal microscope. As a control, cells expressing the para- pH-dependent (pH 7.5 data not shown; Fig. 8B are pH
myxovirus hemagglutinin-neuraminidase (HN) protein 5.0 data; note the transfer of the NBD taurine from the
were used because HN has a sialic acid binding activity erythrocytes to the HA expressing cells). The HA cleav-
that binds erythrocytes but is unable to cause fusion age site mutants HA RKRR, HA KRRKRR, and INS4R
(Bagai and Lamb, 1995). With HN expressing cells fluore-
sence could only be detected from the loaded erythro-
cytes and no transfer of R18 could be detected after
TABLE 1
trypsin digestion and low exposure to low pH (Fig. 8A).
Cell Surface Expression of WT HA and HA Cleavage SiteThis indicates that neither an endogenous cellular pro-
Mutant Proteinsatein nor a fusogenic protein expressed by vac-T7 were
activated during the trypsin and low pH treatments. Mock Percentage of
transfected cells showed no hemadsorption or lipid-mix- Hemagglutinin Cleavage site positive cellsb MFIc
ing activity (data not shown). Hemadsorption was ob-
None 0 0.06served with cells expressing WT HA and the three HA
W T AKLLKER.G 33.4 1.0cleavage site mutant proteins. As can be seen in Fig.
RKRR AKLRKRR.G 34.5 0.88
8A, R18 was transferred from the labeled RBCs to WT KRRKRR AKRRKRR.G 41.1 0.74
HA-expressing cells only when the HA-expressing cells INS4R AKLLKERRRRR.G 44.1 0.74
were treated with trypsin and pH 5 treatment. For the
a Flow cytometry of CV-1 cells infected with recombinant vaccinia-three HA cleavage site mutant proteins R18 transfer only
T7 virus and transfected with WT or mutant HA cDNAs. At 5 hr p.t.,occurred upon low pH activation but was not dependent
the cells were prepared for flow cytometry as described under Materi-
upon pretreatment with trypsin, indicating that the frac- als and Methods. A rabbit polyclonal sera to purified influenza B/MD/
tion of the HA species that were in the HA1/HA2 cleaved 59 virus was used as primary antibody and a goat anti-rabbit IgG-FITC
as secondary antibody.form were biologically active. The fluorescence lipid-dye
b Determined by flow cytometry. An average value from three sepa-transfer that occurred after pH 5.0 treatment is shown
rate plates.
for HA cleavage site mutants RKRR, KRRKRR, and INS4R c Mean fluorescent intensity derived from flow cytometry and ex-
(Fig. 8A). Examination of multiple fields of cells at low pressed as an average value from three separate plates compared to
the values obtained with WT HA expressing cells.magnification indicated that the WT HA and HA cleavage
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showed a pH-dependent, but trypsin-independent, aque- tained 18 or 20 amino acids inserted into the cleavage
ous-dye transfer (Fig. 8B) (note dye transfer from the site that this region of the H7 HA protein may form a
erythrocytes to the HA expressing cells in the absence flexible microdomain (Khatchikian et al., 1989; Orlich et
or presence of trypsin). No dye transfer was observed al., 1994). All three influenza B virus HA cleavage site
with cells expressing the three HA cleavage site mutant mutants that were generated contained the minimal se-
proteins that were treated with buffer at pH 7.5 (data quence R-X-R/K-R for furin cleavage.
not shown). Thus, the data obtained using the R18 lipid- The introduction of mutations into integral membrane
mixing assay and the NBD-taurine content mixing assay proteins can lead to significant impairment of their fold-
indicate that the low amount of cleaved HA1/HA2 de- ing, oligomerization, and intracellular transport (reviewed
tected biochemically is capable of inducing fusion be- in Doms et al., 1993). Chemical cross-linking studies of
tween erythrocytes and CV-1 cells expressing the three the three HA cleavage mutants indicated that a popula-
HA cleavage mutants, even though no syncytium forma- tion of the molecules can form trimers but the extent of
tion was observed. trimer formation was not assessed. Although the kinetics
of intracellular transport to the medial-Golgi apparatus of
DISCUSSION HA cleavage mutants KRRKRR and INS4R was somewhat
delayed as compared to WT HA and HA mutant RKRR,The influenza A and B virus HA molecules are pre-
the extent of transport to the medial-Golgi apparatus anddicted to be structurally related based on their amino
the cell surface was similar for WT HA and all threeacid sequence similarities (Krystal et al., 1982, 1983). As
HA cleavage site mutants. The HA mutants were alsoall isolates of influenza B virus contain an HA with a
recognized by two monoclonal antibodies (mAbs) to HAsingle arginine residue at its cleavage site, we were
(data not shown) that are believed to be conformational-interested in examining properties of an influenza B virus
specific as the mAbs cannot be used in immunoblottingHA that was altered to contain multiple basic residues
(Western) experiments. Thus, taken together these dataat its cleavage site, to determine if such a molecule
indicate that the three HA cleavage site mutants werewould be cleaved intracellularly. Previous studies with
not grossly altered in their intracellular transport or celltwo human influenza A virus HAs of the H3 subtype (A/
surface expression. However, the three HA cleavage sitePort Chalmers/1/73 and A/Aichi/2/68) (Gething et al.,
mutants neither underwent efficient intracellular cleav-1988; Kawaoka, 1991; Ohuchi et al., 1991) that have a
age nor could they be cleaved efficiently by addition ofsingle arginine at the cleavage site had indicated that it
extracellular trypsin. It has been found previously thatwas possible to generate a series of HA mutant mole-
high level of expression of precursor glycoproteins usingcules containing various multibasic cleavage sites that
the vac-T7 system can saturate the endogenous subti-were cleaved intracellularly. However, in some cases
lisin-like cellular protease. Therefore, we coexpressedthe intracellular cleavage efficiency was low (Kawaoka,
the HA cleavage site mutants with vaccinia viruses that1991) and the studies led to the conclusion that the intra-
expressed the subtilisin-like protease furin, KEX2, PC2,cellular cleavage requirements for human influenza A
or PC4 (Morsy et al., 1994; Stieneke-Grober et al., 1992).virus HA are more complex than that observed for the
In no case was an increase in HA0 cleavage observedavian influenza A virus HA molecules (Kawaoka, 1991;
(data not shown). Taken together the simplest interpreta-Ohuchi et al., 1991).
tion of all these data is that even though the cleavage siteIn designing an influenza B virus HA molecule that
contained the requisite basic residues for intracellularwould contain multibasic residues at the cleavage site
cleavage, the local molecular architecture of HA in thetwo approaches were taken. In the first approach resi-
vicinity of the cleavage site is such that neither a subti-dues at the HA1 C-terminus, proximal to the HA2 fusion
lisin-like protease nor trypsin can efficiently recognizepeptide, were substituted such that the altered HA mole-
the cleavage site, and thus the presumptive local domaincules would contain four or six basic residues. In the
structure must be different from that found in WT HA.second approach, four additional basic residues were
As discussed above in naturally occurring influenzainserted at the cleavage site, leaving intact the C-terminal
virus subtypes and in laboratory manipulated variants,residues of HA1 . It was rationalized that as rare natural
isolates of avian influenza A virus HA protein (H7) con- HA-specific carbohydrate chains linked to the region of
FIG. 8. (A) Lipid-mixing with cells expressing WT HA or HA cleavage site mutant proteins. RBCs labeled with R18 were bound to CV-1 cells
expressing the SV5 HN cDNA using the vac-T7 expresion system, WT HA, RKRR HA, KRRKRR HA, or INS4R HA. The cells were treated with bNA
(50 mU/ml) in the presence or absence of trypsin (5 mg/ml) prior to erythrocyte binding as described in the legend to Fig. 1. Fusion was triggered
by a 2-min incubation at RT with pH 5.0 FM, the cultures returned to neutral pH, and incubated for 15 min at 377. Cells were examined by confocal
microscopy using a 401 objective. (B) Aqueous-content mixing with cells expressing WT HA or HA cleavage site mutant proteins. RBCs labeled
with NBD-taurine were bound to CV-1 cells expressing WT HA using the vac-T7 expression system, RKRR HA, KRRKRR HA, or INS4R HA. The cells
were treated with bNA (50 mU/ml) in the presence or absence of trypsin (5 mg/ml) prior to erythrocyte binding as described in the legend to Fig.
1. Fusion was triggered by a 2-min incubation at RT with pH 5.0 FM, returned to neutral pH, and incubated 377 for 5 min. Dye transfer was observed
using a fluorescent microscope and a 201 objective.
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